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ABSTRACT

A model is proposed whereby a Miocene Colorado River precursor canyon,
deeper than 600 m, formed on the western Hualapai Plateau by headward erosion
along a strike-valley drainage. Basin and Range faulting of the margin of the Colorado
Plateau initiated canyon formation. This canyon was occupied by a long narrow lake,
and the surface of the lake was at or above the level of the Hualapai Limestone. Such
a hypothesized lake would have trapped any coarse sediment derived from the sur-
rounding basin at the head of the lake, well upstream from the Grand Wash Trough.
The drainage area feeding into the lake would have included the Hualapai Plateau and
the combined ancestral drainages of Kanab and Cataract Creeks. This >13,000 km?
basin has been dominated by surface exposures of Paleozoic carbonates since at least
late Eocene time and generates no more than 1%-2 % of the runoff associated with the
modern (predam) Colorado River discharge. Such a carbonate-dominated, sediment-
deficient basin would supply carbonate-rich runoff to the structural depocenter in the
Grand Wash Trough, possibly explaining the upward transition to the Hualapai Lime-
stone facies in late Miocene time. The upstream canyon delta produced in this pro-
posed model could have been removed by the Pliocene-Pleistocene integration and

younger incision of the more powerful, modern Colorado River.

Keywords: Grand Canyon, Hualapai Plateau drainage, Miocene, Muddy Creek

Formation.

INTRODUCTION

The region near the mouth of western Grand Canyon, where
the Colorado River exitsfromthe Hualapai Plateau into the Grand
Wash Trough (Fig. 1), containsthe key geol ogic relationshipsthat
have shaped many geologists perceptions of the origin of the
Colorado River as a throughflowing drainage system since the
work of Longwell (1936). The interior basin Muddy Creek For-
mation anditscorrelativesin the L ake M ead—Grand Wash Trough
region, capped by the Hualapai Limestone, have been considered
as proof that no large river like the modern Colorado exited from
the Hualapai Plateau into the Grand Wash Trough until late

Miocene time. This scenario includes the implicit assumption by
some geologists that a large gorge, like that associated with the
modern Grand Canyon, also was not present until the through-
flowing Colorado River became established in late Miocenetime.

Theprevailing view for many decadeshasbeen that the west-
ern Grand Canyon must have been incised relatively rapidly by
an emerging Colorado River drainage system so large that it
would haveleft arecord of deposition in the Grand Wash Trough
consisting of voluminous clastic deltaic deposits and coarse grav-
els derived from upstream reaches on the adjacent Colorado
Plateau (Figs. 1-3). No such sedimentary record is present in the
partially eroded Miocene sedimentary sequence in the Grand

Young, R.A., 2008, Pre-Colorado River drainage in western Grand Canyon: Potential influence on Miocene stratigraphy in Grand Wash Trough, in Reheis, M.C., Her-
shler, R., and Miller, D.M., eds., Late Cenozoic Drainage History of the Southwestern Great Basin and Lower Colorado River Region: Geologic and Biotic Perspec-
tives: Geological Society of America Special Paper 439, p. 319-333, doi: 10.1130/2008.2439(14). For permission to copy, contact editing@geosociety.org. ©2008 The

Geological Society of America. All rights reserved.

319


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 26, 2011

320

Young

T
114°W H

Wash Cliffs

Shivwits

Plateau

Flow
R —

Laramide Channels

— i
Hurricane Kanab \/ Kanab Kaibab
- Fault Zone | ’} Creek Upwarp
Upper Grand !
Lower Grand 7 3 Wash Cliffs \\\ Plateau gream
\

(10.m) \ Cataract
— . Creek ]
A \ Grand
& . Coconino l Canyon
s Hualapai | Village
< Plateau S
(1525 m) |
Hualapai _— (1710 m) \
Limestone Plateau
Red ~ Pont|  \Figures 1&7
ake -
\5“ Verde Valley
ARIZONA
Mt Floyd
. Volianics LOCATION MAP
Hualapai
,“{‘
Valley &
S
.".'
Kingman Williams

(1750 m)

Figure 1. Regional physiography and selected place namesfor the western Grand Canyon and southwestern Colorado Plateau
margin. Wideblack linesareindividual Laramide canyonswith flow arrows based on imbrication measurements. The Huala-
pa Plateau isastructural (cuestaform) bench formed by the northeast recession of the Shivwits Plateau scarp. The distance
between the Laramide Hindu Canyon and the modern Colorado River indicates the inferred amount of scarp recession

between the creation of the two drainage systems.

Wash Trough near the mouth of the Grand Canyon, where the
Miocene stratigraphic section fines upward into the Hual apai
Limestone (Fig. 2). The Hualapai Limestone in the Grand Wash
Trough reflects a restricted freshwater environment with limited
sediment input, in contrast to the clastic sediments below, as sum-
marized by Faulds et a. (1997, 20014). The assumption that an
early Colorado River or a possible precursor stream was absent
during most of this Miocene interval seems reasonable from a
simplistic viewpoint, despite the fact that much of the Hualapai
Limestone and underlying Miocene sediments are eroded from
the immediate vicinity of the mouth of Grand Canyon. The clos-
est thick exposure of Hualapai Limestone is on Grapevine Mesa,
nearly 11 km west of the mouth of Grand Canyon (Figs. 1 and 2).

Longwell (1936) and Lucchitta (1966, 1972, 1979) pointed
out that much of the Miocene sediment in the Grand Wash Trough
representslarge dluvial fansthat prograded into the Grand Wash

Trough from the higher terrain to the west and extended eastward
to the very edge of the Hualapai Plateau (Fig. 2). Thefaciesrela
tionships appear incompatible with alarge drainage system, such
asthe Colorado River, flowing westward off the Colorado Plateau
in early or middle Miocene time. The recently published map by
Wallace et a. (2005) of the Meadview North Quadrangle, south-
west of the canyon mouth, contains detailed cross sections of the
facies relations at Grapevine Mesa south of Lake Mead (Figs. 1
and 2). The geology of the Grand Wash Trough north of Lake
Mead has recently been compiled on amap with cross sections by
Billingsley et al. (2004).

There are plausible aternative explanations to some of the
prevailing assumptions about Miocene sedimentation and Mio-
cenefaciestrendsin the Grand Wash Trough that are linked to the
Laramide history and the inherited Laramide physiography of
the adjacent Hualapai Plateau. For the purposes of thisdiscussion,
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mouth of Grand Canyon. Sanup Plateau is alocal term referring to narrow erosiona bench at same elevation as Hual apai
Plateau but on north side of Colorado River (see aso Fig. 1). Geology was modified from Lucchitta (1979). See Wallace

et al. (2005) for more detail.

the Laramide orogeny in Arizona includes events from Cam-
panian through middle Eocene time, bracketed between 80 Ma
and 40 Ma. The age assignment for Laramide sediments in the
Hual apai-Coconino Plateau region (Figs. 1, 3, and 4) is based on
fossil gastropods and charophytes in freshwater limestones
located within arkosic gravels at Long Point (Young, 2001b;
Young et al., 2007), which indicate a late Paleocene or early
Eocene age (ca. 50-60 Ma). The arkosic gravels themselves
(Fig. 4) contain numerous volcanic clasts with K-Ar ages most
commonly in the range from 65 to 84 Ma (Young, 2001b; Priest,
2001). However, theinitiation of Late Cretaceous(?) erosion and
the cessation of Laramide deposition on the Huaapa and
Coconino Plateaus (Figs. 1 and 3) arerelatively unconstrained in
time, except by inference from the chronology of regional
Laramide volcanism and tectonism (Damon and Mauger, 1966).

The Laramide physiographic genesis of the adjacent Huaa-
pai and Shivwits Plateaus provides compelling evidence for the
probable emergence of an incised, middle Miocene, western pre-
cursor to the modern Grand Canyon, without necessitating the
contemporaneous, voluminous deposition of middlie and late
Miocene clastic deltaic or conglomeratic facies in the preserved
Grand Wash Trough sediments near the mouth of the modern
canyon. The purpose of thisreview of published areal studiesand
regional compilations is to develop an dternative model that
accounts for some of the presumed obstacles to the gradual
transformation of a northeast-doping Laramide landscape to
the present-day, southwest-draining Colorado River Basin. The
proposed model focuses specifically on the issue of whether a
middle Miocene precursor canyon on the Hualapai Plateau isnec-

essarily incompatible with the observabl e stratigraphic sequence
in the Grand Wash Trough.

MIOCENE GEOLOGY AND REVISED
NOMENCLATURE, WESTERN LAKE MEAD

Bohannon (1984) reviewed the nomenclature i ssues associ-
ated with the sediments of Muddy Creek age (Fig. 2) inthe Lake
Mead region and pointed out that no adequate typelocality for the
Miocene Muddy Creek Formation was originaly designated.
Stock (1921) originally used theterm “Muddy Creek” to describe
rocks north of Overton, Nevada. Severa authors subsequently
applied the term to relatively undeformed Tertiary sedimentsthat
underlie the Hualapai Limestone of Longwell (1936) throughout
the region west of the Grand Wash Trough. Bohannon (1984)
noted that the Hual apai Limestonein the Grand Wash Trough near
the mouth of Grand Canyon is interbedded with red sandstone
near its base that traditionaly has been termed “Muddy Creek,”
and that both deposits were designated as members of the Muddy
Creek Formation (Longwell, 1936; Lucchitta, 1966, 1972; Blair
and Armstrong, 1979). However, Bohannon argued that the red
sandstone in the Grand Wash Trough is dightly older than the
Muddy Creek Formation at its principal reference section
(Bohannon, 1984). Therefore, Bohannon recommended returning
the Hualapai Limestone to formationa status and designated the
sediments below the Hualapa Limestone in the Grand Wash
Trough as the “rocks of the Grand Wash Trough” (p. 9), because
they are not physicaly continuous with the principal reference
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Figure 3. National Aeronautic and Space Administration (NASA) image of key structural features and physiography between the Kaibab Upwarp
and the Hurricane fault discussed in text. Paleogene lacustrine sediments interbedded with arkosic sediments are capped by Miocene basalts at
Long Point (seealso Fig. 1). NASA photograph STS073-E-5295 (converted to gray scale). GCV—Grand Canyon Village; Pt.—Point. Width of view

at center is 162 km. GCV = 36.058° N lat, 112.122° W long.

section of the Muddy Creek sedimentsfurther to the west. Recent
field mapping has followed Bohannon's usage and excluded the
Grand Wash sediments from the Muddy Creek Formation proper
(Wadlace et a., 2005; Billingdey et a., 2004). Although the
Hualapai Limestone now has formation statusin the Grand Wash
Trough, its base is transitional with the underlying clastic sedi-
ments that were once included in the Muddy Creek Formation.

Despite these refinements in understanding the detail s of the
Miocene stratigraphy, the Miocene section in the Grand Wash
Trough has been referred to routinely as “Muddy Creek” in the
geologic literature throughout the period from the 1930s through
the 1990s (Hunt, 1969). This results largely from the extensive
references in the literature on the Grand Canyon to the “Muddy
Creek problem,” based on the recognition by Longwell that the
younger Colorado River course had been incised into the sedi-
ments he mapped as the Muddy Creek Formation and the Huala
pai Limestone throughout the Lake Mead region.

Faulds et a. (2001a) summarized the evidence that the
Hualapa Limestone in the Grand Wash Trough is correlative

with the recognized Hualapai Limestone in Gregg's Basin im-
mediately to the west (Fig. 2). The age of the Hualapai Lime-
stone is bracketed by ages of ca 11-5.97 Ma throughout the
Lake Mead region (Faulds et a., 2001a; Spencer et al., 2001).
The base of the limestone is gradational with the underlying
clastic sedimentsin all of the subadjacent basins throughout the
Lake Mead region.

Faulds et al. (2001b) dated Basin and Range extensional
faulting in the Grand Wash region as beginning at 16.5 Ma,
peaking prior to 13 Ma, and ceasing between 11 Ma and 8 Ma.
All of the recognized Muddy Creek deposits and their gener-
aly little-deformed, late Miocene correlatives in the Lake
Mead-Grand Wash region are nearly horizontal and clearly
postdate the main phase of Basin and Range faulting. Muddy
Creek—age sediments rest unconformably upon older, tilted Ter-
tiary rocks north of Lake Mead, such asthe early Miocene Rain-
bow Gardens Member of the Horse Springs Formation, which
ranges from 18.8 Mato older than 26 Ma (Beard, 1996; Billings-
ley et ., 2004).
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For the purpose of simplifying this discussion, “Muddy
Creek time” is informally considered to include the interval of
middle to late Miocene time when the post—Basin and Range,
near-horizontal rocks, capped by the Hualapai Limestone, were
deposited in the Grand Wash Trough at the edge of the Hualapai
Plateau. This paper presentsalogical, dternative explanation for
the apparent lack of deltaic sediments with obvious Colorado
Plateau provenance in the Muddy Creek—age rocks of the Grand
Wash Trough, including the Hualapai Limestone and the middie
Miocene basin deposits directly beneath it. The lack of a direct
stratigraphic connection between the Grand Wash Trough sedi-
ments and the true Muddy Creek Formation in basins immedi-
ately to the west is not a significant issue for the concepts
discussed in this paper insofar as the Grand Wash Trough sedi-
ments and the similar Miocene sediments in adjacent basins are
obviously very closein age.
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EARLY TO MIDDLE TERTIARY DRAINAGE HISTORY
Southwestern Colorado Plateau

The circumstantial evidence for a Laramide terrestrial depo-
center across the southwestern Colorado Plateau region in Paleo-
genetimeisdescribed by Young (2001b). The resulting so-called
arkosic“Rim gravels’ (Cooley and Davidson, 1963), which must
have buried much of northern Arizona and southern Utah, are
essentialy correlative with the Claron Formation and associated
early Tertiary sediments in southern Utah (Goldstrand, 1990).
Young describestheevidencefor assigning thinfossiliferouslime-
stonesintheuppermost arkosic fluvial sedimentsonthe Coconino
Plateau at Long Point (Figs. 1 and 3) to late Paleocene or early
Eocenetime (Young, 2001b; Billingsley et d., 2006; Young et al.,
2007). Thisindicatesthat the earlier Laramideerosion of the Colo-
rado Plateau occurred in Paleocene or Late Cretaceous time.
Ongoing erosion of these L arami de sedimentsexposed aregional,
step-bench topography in northern Arizona devel oped on Meso-
zoic and older sedimentary rocks that were buried by debris shed
off the higher Laramideterranesto thewest and south (Figs. 3-6).

Itisunclear precisely how and when most of the early post-
Laramide removal of these thick arkosic sediments was accom-
plished and whether the erosion occurred before middle Miocene
time, when no Colorado River outlet is assumed to have been
present on the western Colorado Plateau. However, remnants of
arkosic Laramide sediments still covered portions of the western
Colorado Plateau when early to middle Miocene lavas were
erupted around the southwestern plateau margin (Young and
McKee, 1978). At some undetermined time, when these arkosic
Laramide sediments were probably being reworked by local
drainage reorganization, the onset of Basin and Range extension
created the structural relief that permitted local runoff to signifi-
cantly increase headward incision by streams along the Hualapai
Plateau margin at the Grand Wash Trough. Local drainage expan-
sion, maintained by local precipitation, gradualy evolved through-
out the region between the Kaibab Upwarp and the Grand Wash
Trough during a poorly defined Oligocene-Miocene erosion in-
terval. It must be assumed that many other independent subbasins
throughout the emerging Colorado River system were under-
going active reorganization during this same interval, whether or
not they closely resembled the modern Colorado River drainage.

Kanab-Coconino Plateaus

The appearance of an integrated throughflowing Colorado
River in the western Grand Canyon region sometimes is viewed
simplistically as the result of uplift accompanied by coincident
downcutting, implying that an integrated river system was pres-
ent prior to Colorado Plateau uplift (Dutton, 1882). Improved
chronology has produced modified theories that an upper and
lower Colorado River evolved independently after a period of
implied Miocene drainage “stagnation” (McKee et d., 1967).
Subsequent workers have suggested that headward erosion and
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basin overflow both may have been important aspects of drainage
integration (Scarborough, 2001; Spencer and Pearthree, 2001;
Meek and Douglas, 2001). However, these solutions give inade-
guate attention to the requirement that upstream tributary basins
must have coexisted in an evolutionary continuum during mid-
Tertiary time throughout the modern Colorado River Basin.
These subbasins must have evolved and gradually merged into a
modern regional drainage throughout some ill-defined post-
Laramide interval. It is also now clear that most of the regional
uplift of the southwestern Colorado Plateau margin, which ispos-
tulated to have driven the process of canyon formation, did not
occur during late Neogene time but was mainly associated with
Laramide deformation (Young, 2001a, 2001b).

The evolution of a regiona drainage system in a diverse
region with variable structural elementsinherited from Laramide
or older events must include a gradua integration of unrelated
tributaries, the patterns of which conformed to thelocal dip slopes
and paleotopography, as described for east-central Arizona by
Potochnik (2001). For example, tributary drainage off the eastern
and western slopes of the Kaibab Upwarp (Figs. 1 and 3) would
have evolved under any local precipitation regime, independently
of the presence or absence of a Colorado River. The same would
be true for drainage conforming to the broad, northeast-dipping
surface of the Coconino Plateau (Figs. 1 and 3).

The ancestral origins of the modern drainages that evolved
between the Kaibab Upwarp and the Hurricane fault can be envi-
sioned by considering the simple structural elements that con-
strain the drainages of Kanab and Cataract Creeks (Figs. 1 and 3).
These two subbasins conform to the broad synclinal trough cre-
ated between the northeast regional dip of the Paleozoicrocksand
the reversed dips aong the western flank of the Kaibab Upwarp,
both of which are artifacts of Laramide deformation. These mod-
ern tributaries to the Colorado River would have gradualy
evolved contemporaneously with the removal of the Laramide
arkosic sedimentsthat blanketed much of the region through mid-
dle Miocene time, regardless of whether or not a Grand Canyon
was present.

These reasonable assumptions leave unanswered the issue
of how and when such fragmented drainages, or any emerging
Colorado River, might have expanded or exited the Coconino-
Kanab Plateau region. One dternative is that local streams be-
came temporarily ponded in one or more shallow basins until a
better integrated drainage was ableto flow (overflow?) westward
and gradually assume the character of the modern Colorado
River. Severa such scenarios have been explored by Meek and
Douglas (2001), Scarborough (2001), and Spencer and Pearthree
(2001). Such locally ponded, interior drainages in northwestern
Arizona might be similar to the early Tertiary paleogeographic
basin reconstructions in southern Utah described by Goldstrand
(1990, 1992, 1994).

Subsequent Pliocene-Pleistocene erosion by the modern
Colorado River and its tributaries would have removed evidence
of any local sediment depocenters near western Grand Canyonin
the area shown on Figure 3. However, evidence of significant
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ponding during late Paleocene or early Eocene time on the
Coconino Plateau near Long Point (Figs. 1 and 3) is suggested by
the 30 m thickness of the late Paleocene—early Eocene lacustrine
limestonesinterbedded with fluvia arkosesin astratigraphic set-
ting similar to that depicted at the base of Figure 4 (Young, 1982,
1999, 20014, 2001b).

Hualapai Plateau

The Huaapa Plateau structural bench exhibits classic,
strike-valley, main-stem drainage with elongate tributaries paral -
lel to the regional dip (Figs. 1, 5, and 6). This structurally con-
trolled drainage system created and till dominates the Hual apai
Plateau, a cuestaform landscape initiated by Laramide recession
of the Shivwits scarp (Young, 1982, 1985). Scarp recession is
facilitated by the stratigraphic position of the more easily eroded
Hermit Shale (Figs. 5 and 6). Young (1985) observed that reces-
sion of the Shivwits scarp widened the Hualapai Plateau by 8 km
between the episode of northeast-flowing Laramide drainage and
the younger erosion by the west-flowing Colorado River. This
scarp recession measurement is based on the observation that the
courses of both the east-flowing, exhumed Laramide canyon and
theyounger, west-flowing Grand Canyon were constrained to fol -
low the base of the receding Shivwits Plateau scarp, as each suc-
cessive canyon formed (Hindu Canyon, Grand Canyon, Fig. 1).
Dip-dope tributary drainage is the dominant collector of runoff
for the incision of the master channel in such a setting. Scarp
recession is controlled by the limited runoff from the short obse-
quent tributaries on the scarp face (Young, 1982, 1985). The fact
that successive, opposite-trending drainages developed on the
Hualapai Plateau with an 8 km separation can only be explained
if the Laramiderdlief wasfirst completely buried by younger Ter-
tiary deposits (Fig. 4) so that younger Miocene drainage could
reform further downdip to the north. Structurally controlled
Miocene drainage along the foot of the modern Shivwits scarp
would have been initiated by local runoff, regardliess of the exis-
tence of athroughflowing Colorado River (Fig. 5).

Southwestward flow of Laramide-age drainage (Fig. 1) off
the Hualapai Plateau via the Laramide paleocanyon at Peach
Springswasincorrectly proposedin McKeeet a. (1967) based on
preliminary results of field work in progress by Young (1966) that
was presented at a 1964 Museum of Northern Arizona sympo-
sium, published as McKee et al. (1967). The true northeastward
flow direction during the Laramide erosion and subsequent fill-
ing (Fig. 4) of ancestral Peach Springs Canyon were later docu-
mented by Young (1979, 1982, 1985, 1987). A well-researched
chronologic account of these and earlier attempts to understand
the evolution of the Colorado River was recently compiled by
Powell (2005).

The Laramide through mid-Tertiary history of the south-
western Colorado Plateau as documented by Young (1966, 1979,
1982, 1985, 1987, 1989, 1999, 2001a, 2001b) demonstrates that
a regional drainage reversal (northeast to southwest) evolved
between middle Eocene time and late Miocene time. Generalized
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maps of the Tertiary deposits on the Hualapai Plateau published
by Billingsley et al. (1999, 2000) lack the resolution to demon-
strate the details of the Laramide history, especialy the pro-
nounced post-Laramide disconformity preserved in the thick
Tertiary paleocanyon fills (Fig. 4). Young (1966, 1999) provided
detailed descriptions of the Tertiary rocks on the Hualapai
Plateau and reviewed nomenclature issues relevant to the present
discussion.

Speculative Mid-Tertiary Drainage Evolution

When did the episode of northeast-flowing Laramide drain-
age end? Certainly it must have ceased by the time regional late
Oligocene through Miocene volcanism and extensiona faulting
finally severed the source regions south and west of the Colorado
Plateau. The drainage that subsequently evolved in the modern
Kanab and Cataract Basins could have only flowed, or over-
flowed, westward toward the Hurricane fault and merged with
the evolving drainage on the Hualapai Plateau. A postulated
northwestern outlet for an ancestral Colorado River between the
Kaibab Upwarp and the Shivwits Plateau in Muddy Creek time
(Lucchitta, 1989) has been effectively ruled out by Pederson
(2001, 2005). However, the obvious structura influences that
clearly shaped tributary evolution on the western Colorado
Plateau have yet to provide a unique solution as to when or
where the emerging drainages joined, ponded, or exited the
Huaapai Plateau.

An unresolved issue related to the regiona drainage re-
versal is how the Laramide drainage, following the northeast
trend of the Hurricane fault zone, was replaced by a drainage
system flowing westward. Thisis partially explained by the fact
that the Hurricane fault zone was originally the location of an
east-verging Laramide monocline, but during Miocene exten-
sion, it became converted to a down-to-the-west normal faullt.
Regional topographic slope reversal was also enhanced by
Miocene Basin and Range extension, which allowed southwest-
ward back-tilting of the upraised Laramide margin of the
plateau (Young, 2001a).

Following these events, the inherited Laramide physiogra-
phy must have predetermined the location of a shallow precursor
valley along the modern Colorado River corridor between the
Hurricane fault and the Grand Wash Trough on the Hualapai
Plateau along the base of the Shivwits Plateau scarp (Figs. 1, 5,
and 6). The existence of such a pre-Colorado River, middle
Miocene drainage, including a knickpoint incising itself head-
ward from the edge of the Colorado Plateau (Grand Wash
Trough), isan inevitable product of the relict Laramide physiog-
raphy (Fig. 1). Such structurally controlled, strike-valley drainage
development on the western Hualapai Plateau, preceding the
onset of athroughflowing Colorado River, would have prepared
the way for the ultimate integration of the headward Rocky
Mountain tributaries of the Colorado with the downstream sec-
tion between the Grand Wash Trough and the Kaibab Upwarp.

Young

COLORADO RIVER EMERGENCE
AND CONSTRAINTS

It has been clearly established that a throughflowing, inte-
grated Colorado River did not flow from the Grand Wash Trough
area to the Gulf of California until between ca. 5.5 and 4 Ma
(House et al., 2005; Faulds et ., 2001a). Estimates of Colorado
River Pleistocene incision rates from studies by severa workers
indicate that the Colorado River could have eroded adeep canyon
into the Colorado Plateau within the more limited time available
during the Pliocene Epoch and the subsequent 2 million years of
wetter Pleistocene stadials (Young and Spamer, 2001). However,
the mere demonstration of rapid canyon erosion upstream from
the Hualapai Plateau during Pliocene-Pleistocene time does not
constrain the earliest initiation of headward erosion along the
Hualapa Plateau margin. There is no clearly documented evi-
dence for the exact beginning of early to middle Miocene
drainage incison by headward erosion along the Hualapai
Plateau margin between the onset of Basin and Range extensional
faulting and the appearance of athroughflowing Colorado River,
a period in excess of 11 m.y. However, it is unlikely that the
Hual apai-Coconino Plateau region failed to devel op somekind of
integrated drainage system for such along interval.

Elston and Young (1991) describe how post—Basin and Range
headward erosion at the southern edge of the Hualapal Plateau in
the Truxton Valley (Fig. 1) has progressed 32 km eastward into the
plateau margin, and they postulate that similar headward erosion
was likely to have been initiated along the Huaapai Plateau mar-
ginfrom Grand Wash Trough following the development of signif-
icant extensiona relief on the prominent Miocene fault scarps.
Faulds et . (2001b) aso speculated that headward erosion during
and following Basin and Range faulting probably would have ini-
tiated mid-Miocene drainage along the western edge of the Colo-
rado Plateau that ultimately would have contributed to the gradual
emergence of the modern Colorado River drainage system.

The details of the events from middle Eocene through
Oligocene time on the southwestern Colorado Plateau are not
well constrained dueto the scarcity of datable horizonswithin the
Cenozoic deposits (Elston and Young, 1991). A widespread flu-
via conglomerate capped by 19.9 Mabasdlts (Billingsley, 2001)
is the only post-Laramide evidence for mid-Tertiary plateau
drainage (Fig. 4). The Buck and Doe Conglomerate (Young,
1966, 1999) indicatesthat aggradation by local streamson Huda
pai Plateau proper probably dominated the post-Laramideto early
Miocene interval. This conglomerate and the younger Miocene
volcanic sequence obliterated the last vestiges of Laramide relief
(Young, 1966, 1989).

The better-documented, southwestern Colorado Plateau mid-
Tertiary chronology, based on dated volcanic rocks, begins ca.
24 Ma(Young and McKee, 1978), approximately coincident with
the early onset of Basin and Range extension across the much
broader region (Spencer et al., 1995). Constraints on Hualapai
Plateau events can be reconstructed only from the limited
chronology depicted on Figure 4.
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When structural and topographic relief in excess of 1000 m
developed at the Hualapai Plateau margin in the Lake Mead—
Grand Wash Trough region between 16.5 Maand 13 Ma (Faulds
et d., 2001b), initiation of renewed (post-Laramide) headward
erosion and incision along thewestern Hualapai Plateau must have
begun (Elston and Young, 1991). Thisassumption issupported by
numerousfield studiesthat demonstrate aclosetemporal relation-
ship between structural deformation and the resulting relief-
driven erosion. Reviews such as that by Lamb et a. (2005) and
Faulds et al. (2001b) suggest that erosion and deposition proceed
contemporaneoudly (syntectonically) with structural deformation.
It seemsintuitive that sedimentary filling of fault-bounded basins
implies severe erosion of adjacent scarps, aswould have been the
case with the margin of the Hualapai Plateau, irrespective of the
existence of the modern Colorado River.

Drainage-Basin Limits and Erosion Potential

The drainage area of the Hualapai Plateau that supplies
runoff to the modern Colorado River is ~2000 km2. The addi-
tional area added to the Hualapai Plateau drainage by the
upstream tributaries between the Hurricane fault and the head-
ward reaches of Kanab and Cataract Creeks increases the basin
dimensionsto morethan 13,000 km2. The erosion potentia of this
large subbasin, restricted to the plateaus west of the Kaibab
Upwarp, issufficient to initiate theincision of a Colorado precur-
sor canyon as depicted on Figure 5. The impressive dimensions
of the modern Kanab and Cataract Creek canyons themselves
(Fig. 3) illustrate the erosive power that is available within much
smaller subbasins. Therelief necessary toinitiate canyonincision
along thewestern edge of the Hual apai Plateau at the Grand Wash
Trough isdocumented by the structural relief preserved under the
Muddy Creek—age sediments, a minimum of 600-1200 m. This
physiographic setting virtually guarantees that amodest Miocene
canyon would have been initiated across the Hualapal Plateau in
the present location of the modern Grand Canyon, even if mini-
mal precipitation values are assumed.

The ages of lavas capping the Tertiary sediments on the
Hualapai Plateau imply that such a drainage system probably did
not become significantly incised to form acanyon until after 19 Ma
(Young, 1989, 2004). Thisisbased on the observation that fluvial
aggradation and Laramide canyon burial, rather than erosion,
characterized most of the southwestern Hualapai Plateau (Fig. 4)
until the Miocene volcanism ceased (Young, 1966). Thereisaso
pal eohydrol ogic evidence from cave spel ecthemsin the Redwall-
Muav aquifer that suggests the western Grand Canyon is at |east
19 million years old and that it becomes younger upstream
(Polyak et al., 2004).

The fina means of integration of any hypothetical western
drainage system with the upper Colorado River to form the mod-
ern Colorado River is admittedly problematic and poorly con-
strained in time. Previous theories of how this integration
occurred (McKeeet a., 1967) have invoked the process of head-
ward erosion from the west to the east, across the Hurricane fault
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zone. Critics of this theory argue that headward migration of a
drainage divide is a very slow and inefficient process (Spencer
and Pearthree, 2001). However, the events described in this dis-
cussion do not involveonly simpledivide migration. The canyon-
forming processismore similar to headward migration of amajor
knickpoint located between structurally separate basins on either
side of the Hurricane fault zone, not unlike the regional knick-
point described by Karlstrom (2004) near Lees Ferry.

The subbasins between the Hualapai Plateau margin and the
Kaibab Upwarp are independently defined by the preserved
Laramide structural relief of each region (Figs. 1 and 3). Local
runoff from these adjacent subbasins eventually must have
evolved into a single, coherent drainage system. The possibility
of a period of temporary ponding of Eocene—early Miocene(?)
drainage east of the Hurricane fault zone on the Coconino
Plateau before the Kanab-Cataract Creek systems spilled west-
ward onto the Hualapal Plateau isaminor issue of timing that is
irrelevant to arguments in the present model. The modern topog-
raphy of the Hualapai Plateau surface led to northwest-flowing
Miocene surface runoff concentrated along the base of the Shiv-
wits scarp (Figs. 5 and 6) following Basin and Range faulting, in
contrast to the physiographic setting in Laramide time. If it can
be assumed that the evidence presented so far favors a Miocene
emergence and eventua incision of local northwest-flowing
drainage on the Hualapal Plateau, the potential impact of such a
system can ater assumptions about the sedimentation history of
the Grand Wash Trough.

IMPLICATIONS OF A HUALAPAI PLATEAU CANYON
OF MIOCENE AGE

Discharge Estimates

A canyon similar to the one depicted on Figure 5 islikely to
have been initiated in the considerable time available from late
Oligocenethrough late Miocene time for the reasons enumerated
already. At an early stage, this drainage system would have been
relatively shallow, especially in its upstream reaches, limited by
the gradual development of Basin and Range extensiona relief
and annua runoff. However, oncetherelief increased to the maxi-
mum amount indicated by the structural offsetsinthe Grand Wash
Trough (Fig. 2), theincision of adeeper western Hualapai Plateau
canyon in Miocene time seemsinevitable. Thereisan interval of
10 m.y. or more between the creation of appreciable relief at the
Hualapai Plateau margin and the evidence for the integration of
the modern Colorado River. If the postulated precursor canyon
became sufficiently incised during some portion of thisinterval,
the resulting canyon topography can simplify some of the issues
related to the nature of upwardly fining facies changes within the
Grand Wash Trough sediments, culminating in the deposition of
the 300-m-thick Hualapai Limestone. A redlistic appraisal of the
potential impact of such an ancestral western Grand Canyon
requires an estimate of the average discharge of the postulated
drainage basin and the inferred sediment load.
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Descriptions of the Muddy Creek—age sedimentary “ rocks of
the Grand Wash Trough” near the current mouth of the Grand
Canyon (Lucchitta, 1966, 1972) emphasizethe lack of coarseflu-
via clastsindicative of alarge river with sediment sources com-
patible with the existing Colorado River. However, if apostulated
precursor canyon existed on the western Hualapai Plateau during
Muddy Creek time, an aternative scenario is possible. An early
phaseof suchanincising canyonwouldnot necessarily havealarge
sediment load. The drainage system west of the Kaibab Upwarp
probably would support only an intermittent or ephemeral stream
for the following reasons. The mgjority of the modern Colorado
River discharge comes from the Rocky Mountain headwaters.
Relatively little runoff isderived from Arizonatributary canyons.

Thedrainageareaof the Colorado River Basin upstream from
the Grand Canyon gage near Bright Angel Creek is 356,900 km2.
The 140 km river distance between the Lees Ferry gage near the
Arizona-Utah border and the downstream Grand Canyon gage
consists of 78,000 km?, or 22% of that drainage-basin area.
Despite this 22% increasein areg, thereisaonly a4% increasein
the average annual historic (predam) discharge on the Colorado
River between Lees Ferry and Grand Canyon. The predam aver-
age discharge at L ees Ferry was ~500 m?3/s.

The Little Colorado River drainage area of 68,635 km? typi-
cally contributeslessthan 1% of the discharge measured at Grand
Canyon, althoughitisover 19% of the Colorado River Basin area
upstream from the Grand Canyon gage. Downstream from Grand
Canyon gage, the additional increase in drainage-basin area over
the 220 km river distance between Grand Canyon and the Hurri-
canefault adds only 29,800 km2 (8.3%) more drainage areato the
basin. These approximate area comparisons indicate that runoff
and groundwater flow to the Colorado River between the Grand
Canyon gage and the Grand Wash Trough would probably beless
than 1% of the average discharge of the predam modern Colorado
River system, or ~5 m3/s. Therefore, any ancestral drainage sys-
tem west of the Kaibab Upwarp on the Huaapai, Kanab, and
Coconino Plateaus would produce only a correspondingly small
fraction of the modern Colorado River runoff. The clastic sedi-
ment load in such a drainage system, compared to the modern
Colorado River, would be reduced by a proportional amount.

Estimated Sediment Input

Much of the surficial bedrock exposed throughout the pro-
posed Hual apai-K anab-Cataract basin (Figs. 1, 3, and 5) consists
of carbonate lithol ogies, |eading to an even greater relative reduc-
tion in clastic sediment output from the lower basin as contrasted
with upstream reaches of the modern Colorado River. In late
Muddy Creek time, as the Grand Wash basin filled and the adja
cent canyon system deepened and expanded, the Hual apai Plateau
drainage system would have contributed little siliciclastic sedi-
ment, but the river discharge would have been high in dissolved
calcium carbonate.

A regional transition to more humid conditionsin the South-
west occurred near the Miocene-Pliocene transition (Axelrod,
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1950; Hunt and Elders, 2001), and the Pleistocene Epoch was
clearly associated with increased moisture. Theincreased rainfall
also may help to explain the transition to a shallow lacustrine
environment in Hualapai Limestone time.

The Grand Wash Trough lacked a significant external outlet
during Muddy Creek time, as indicated by the interior basin
stratigraphy and by the similar lacustrine facies in the adjacent
basins west of the Colorado Plateau. As the Grand Wash Trough
filled with sediment and the climate became less arid, the Grand
Wash Trough depositional environment evolved from fluvioclas-
tic to the freshwater lacustrine conditions recorded by the Huala-
pai Limestone (Fauldset d., 20014). The presence of apostulated
Colorado River precursor, lake-filled canyon is consistent with
this transition and helps to account for the observed lithologic
changes, as well asfor the lack of a massive delta at the canyon
mouth. The presence of such a canyon system (Fig. 5) feeding
increased runoff into the Grand Wash Trough would have intro-
duced a long narrow lake arm extending from the Grand Wash
Trough well up the canyon toward the Hurricanefault zone asthe
Huaapai Limestone lake deepened (Fig. 7). The elevation of the
top of the preserved Huaapal Limestone section near the mouth
of Grand Canyon is presently 900 m (Fig. 2). The water level of
the Huaapai Limestone lake in the Grand Wash Trough would
have been no lower than this el evation when the uppermost lime-
stone formed. A lake with a surface at this elevation, extending
into the postulated canyon, would have submerged any exposed
Precambrian rocks or Cambrian sandstones (Fig. 6), leaving car-
bonate strata as the dominant bedrock type exposed along the
narrow lake as well as on the adjacent Hualapal Plateau. Most of
the canyon would be filled with water to alevel that would sub-
merge the strata below the Muav Limestone (Fig. 6). The pres-
ence of a narrow canyon lake also would shift any clastic delta
of middle to late Miocene age well upstream into the canyon
(Fig. 7), and it would create an efficient sediment trap for thelim-
ited siliciclastic bed load and suspended load of this relatively
restricted basin, with its limited discharge. Evaporation would
also reduce the discharge reaching the Grand Wash Trough and
contribute to the carbonate saturation of the lake water. This sce-
nario would prevent mogt, if not al, of the upstream coarse clas-
tic sediment from reaching the present mouth of the canyon at the
Grand Wash Trough.

Carbonate Facies Shift

One of the curious issues relating to Hualapai Limestone
deposition is how to explain the increased carbonate input to the
basin following the widespread accumulation of clastic sediment
prior to late Miocene time. The possible contribution of spring
discharge from Paleozoic limestone aquifers has been suggested
by Hunt (1969, p. 116), by Faulds et al. (2001a), and by Pederson
(2005). The scenario described here also would be compatible
with achangefrom clastic to carbonate deposition. Surface runoff
and groundwater entering the Grand Wash lake through the
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Figure 7. Hypothetical depiction of middle-to-late Miocene Hualapa Plateau canyon forming restricted arm of Hualapai
Limestonelake (black). Length of lake is meant to be suggestive only and may have been longer or shorter. Ancestral Kanab
and Cataract Creeksillustrate approximate extent of additional pre-Colorado River drainage basin supplying runoff to Huala-

pa Plateau in early to middle Miocene time from area west of
accounts for ~1% of predam Colorado River discharge.

Hualapai Plateau ancestral canyon, including the extensive Red-
wall karst system, would be carbonate enriched, compatible with
the facies change recorded by the Huaapai Limestone.

Faulds et a. (2001a) aso point out that the Grand Wash
Trough and adjacent basins that contain the Hualapai Limestone
areflanked to the north and south by basins of similar ageswhere
gypsum and halite deposition prevailed, rather than carbonates.
They interpret this as an indication that the Hualapai Limestone
axia basins had a significant inflow of freshwater, whereas the
flanking basins received only periodic overflows and were dom-
inated by evaporation. This setting seems compatible with the
proposed Hualapai Plateau drainage scenario.

In this admittedly simplistic paleogeographic model, the
carbonate rocks that dominate the restricted upstream basin

Kaibab Upwarp. Combined area of basin depicted currently

geology of the Hualapai and Coconino Plateaus would have in-
creased the dissolved carbonate input to the Muddy Creek basin;
this is compatible with the switch to the carbonate-rich facies
preserved in the Hualapal Limestone. During this late Muddy
Creek interval, with no integrated upper Colorado River, the
clastic sediment supplied to any delta confined within the upper
reaches of the narrow canyon lake would be much less than at
the modern Colorado River delta that is building into Lake
Mead. Removal of all the evidence for such a relatively small,
canyon-bound delta deposit would have been efficiently accom-
plished by the integrated Pliocene-Pleistocene flow of the
younger, throughflowing Colorado River, given the narrow,
elongate shape of the proposed lake and the much greater ero-
sive power of the modern river.
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Additional Geologic Evidence

The ages and evolution of western Grand Canyon spe-
leothem deposits as described by Polyak et al. (2004) are com-
patible with this model of an ancestral Hualapai Plateau canyon
that is of middle Miocene age in the west and becomes younger
to the east. Patchett and Spencer (2001) and Crossey et d. (2006)
document and discuss implications of the complex geochemistry
of Colorado River water and the isotopic evidence preserved in
lacustrine and travertine deposits in the Lake Mead—Hualapai
Plateau region.

OTHER HEADWARDLY ERODING BASINS

An analogous geol ogi ¢ setting that compares favorably with
the postulated Hualapal Plateau scenariois present 180 km south-
east of the Hualapai Plateau along the M ogollon Rim where west-
flowing West Clear Creek exits the Colorado Plateau into the
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Verde Valey (Fig. 8). A regional description of Mogollon Rim
drainage and history is contained in Holm (2001). The vertical
relief near the mouth of West Clear Creek canyon where it enters
the Verde Valey is 700 m. The eastward expansion of the West
Clear Creek drainage basin has captured and diverted some of the
headwaters of east-flowing East Clear Creek (Fig. 8). West Clear
Creek islittle more than 35 km long and has a drainage area of
only ~900 km2. The bedrock in the basin consists of eroded Per-
mian strata overlain by Miocene lava flows dated at 9-10 Ma.
Despite this much smaller drainage area as compared with the
Hudapa Plateau, the mouth of West Clear Creek canyon is
approximately the same width as the mouth of the modern Grand
Canyon at the Grand Wash Cliffs. The depth of the West Clear
Creek canyon (610 m) is two-thirds of the depth of the Grand
Canyon at its mouth (1065 m). These strikingly similar propor-
tions, combined with the similar geologic setting, demonstrate
that arelatively small drainage basin, given sufficient relief, can
excavate asignificant canyon in 10 m.y. or less. The existence of

Colorado
Plateau

25w

W. Clear Creek
Cross Section at Mouth

Grand Canyon Section

at Mouth for Comparison 1ot
I 1065 m

East Clear Creek

z—

10 Km

Figure 8. Example of barbed (captured) headwardly eroding drainage of West Clear Creek along Mogollon Rim on east side
of Verde Valley. Relatively short (35 km) and modest-sized drainage basin of West Clear Creek (900 km?) has diverted head-
ward tributaries of east-flowing East Clear Creek and eroded a canyon aswide as the mouth of Grand Canyon and two-thirds
as deep. Loca bedrock is thin, mid-Miocene volcanic flows disconformably overlying Permian strata, similar to Grand
Canyon section on Hualapai Plateau. This exampleillustrates the capacity of small drainage basinsto createrelatively large
canyons in relatively short time intervals. Inset location diagram: G—Grand Canyon mouth; C—West Clear Creek; S—

Sycamore Canyon; O—Oak Creek Canyon.
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such alarge canyon, formed by arelatively small basinin asemi-
arid region, implies that vertical canyon incision is an efficient
process, and that headward erosion and knickpoint migration are
significant factors, despite the seeming inefficiency of headward
divide migration. Severa other large canyons have formed along
the southwestern margin of the Colorado Plateau between the
Verde Valley and the Huaapai Plateau, such as the well-known
localities at Oak Creek and Sycamore Canyon (Fig. 8). These
drainages all are deepening and expanding headward onto the
Colorado Plateau in directions nearly opposite to the regiona dip
of local bedrock. The Hualapa Plateau Miocene physiography
and structure were much more conducive to drainage evolution
and incision controlled by the regional strike of resistant scarps.

CONCLUSIONS

A postulated pre—Colorado River canyon on the Hualapai
Plateau at the base of the Shivwits Plateau scarp is a predictable
and necessary consequence of theregional rock structure, Laramide
history, and the simple mechanics governing surface runoff and
drainage-basin evolution. The proposed model for the evolution
of the western Grand Canyon does not resolve the issue of how
the upper and lower Colorado River basins finaly became fully
integrated between the Rocky Mountains and the Gulf of Califor-
nia. It can provideapotential explanation for thegradual, progres-
sive development of the western Grand Canyon topography. It
eliminates the need for erosion of the entire depth of the west-
ern Grand Canyon in the relatively short time between the end of
Huaapai Limestone deposition (5.97 Ma) and the probable age
of the oldest Colorado River gravels (6-5 Ma). Furthermore, the
scenario described hereisalogical consequence of the structural
and topographic landscape that resulted from Laramide uplift and
Miocene extension. It is unrealistic to assume that this, or any
other, terrestria landscape would not undergo continuous evolu-
tion and erosional modification from late Eocene through middie
Miocenetime.

Theappearance of acarbonate-rich facies, suchasthe Huaa-
pai Limestone, is compatible with a wetter Pliocene-Pleistocene
climatic trend superimposed on the proposed physiography and
carbonate-dominated bedrock exposures across the adjacent
Hualapai, Coconino, and Kanab Plateaus. Whatever the final
resol ution of theissuesrelating to theintegration of the upper and
lower Colorado River system, the explanations are likely to be
compatible with a lengthy episode of gradual landscape evolu-
tion, rather than short, episodic events forced to fit an incomplete
chronology. While episodic tectonic or climatic events may cause
temporary changesin local base levels or incision rates, the grad-
ual erosiona evolution of the regional landscape must proceed in
accordance with the gravitational potential associated with the
preexisting rock structures and natural slopes. The evolution of
the modern Colorado River Basin from the Rocky Mountains to
the Gulf of California should be envisioned as a time continuum
during which significant interruptions occurred, but where the
contributions of evolving subbasins were an integral part of a
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more gradual process. The Colorado River course should be
viewed as resulting from the interactions among its many evolv-
ing subbasins, rather than as the master control of the process.
Whilethismay seem obvious, the evol ution of the Colorado River
system is viewed too often as a smple matter of uplift and ero-
sion with insufficient attention to a more holistic, four-dimen-
sional approach.

ACKNOWLEDGMENTS

Reviews by James Faulds, George Billingsley, and Paul
Stone did much to improve and refine the draft version of this
manuscript.

REFERENCES CITED

Axelrod, D.l., 1950, Evolution of desert vegetation in western North America, in
Axelrod, D.1., ed., Studiesin Paleobotany: Carnegie Institution of Washing-
ton, Contributions to Paleontology, v. 590, p. 215-311.

Beard, L.S., 1996, Paleogeography of the Horse Springs Formation in relation to
the Lake Mead fault system, Virgin Mountains, Nevada and Arizona, in
Beratan, K.K., ed., Reconstructing the History of the Basin and Range
Extension Using Sedimentology and Stratigraphy: Geological Society of
America Special Paper 303, p. 27-60.

Billingsley, G.H., 2001, Vol canic rocks of the Grand Canyon area, in Young, R.A.,
and Spamer, E.E., eds.,, Colorado River, Origin and Evolution: Grand
Canyon, Arizona, Grand Canyon Association Monograph 12, p. 223-229.

Billingsley, G.H., Wenrich, K.J., Huntoon, PW., and Young, R.A., 1999, Breccia
Pipe and Geologic Map of the Southwestern Part of the Hualapai Indian
Reservation and Vicinity, Arizona: U.S. Geological Survey Miscellaneous
Investigations Series Map 1-2554, scale 1:48,000, 2 sheets, pamphlet, 50 p.

Billingsley, G.H., Wenrich, K.J., and Huntoon, PW., 2000, Breccia pipe and Geo-
logic Map of the Southeastern Part of the Hualapai Indian Reservation and
Vicinity, Arizona: U.S. Geological Survey Geologic Investigations Series
Map 1-2643, scale 1:48,000, 2 sheets, pamphlet, 18 p.

Billingdey, G.H., Beard, L.S,, Priest, S.S., Wellmeyer, JL., and Block, D.L.,
2004, Geologic Map of the Lower Grand Wash Cliffsand Vicinity, Mohave
County, Northwestern Arizona: U.S. Geological Survey Miscellaneous
Field Studies Map MF-2427, scale 1:31,680, 1 sheet, pamphlet, 17 p.

Billingsley, G.H., Felger, T.J., and Priest, S.S., 2006, Geologic Map of the Valle
30’ by 60" Quadrangle, Coconino County, Northern Arizona: U.S. Geo-
logical Survey Scientific Investigations Map 2895, p. 1-21, with pamphlet,
scale 1:100,000.

Blair, W.N., and Armstrong, A.K., 1979, Hualapai Limestone Member of the
Muddy Creek Formation: The Youngest Deposit Predating the Grand
Canyon, Southeastern Nevada and Northwestern Arizona: U.S. Geological
Survey Professional Peper 1111, 14 p.

Bohannon, R.G., 1984, Nonmarine Sedimentary Rocks of Tertiary Age in the
Lake Mead Region, Southeastern Nevada and Northwestern Arizona: U.S.
Geologica Survey Professional Paper 1259, 72 p.

Cooley, M.E., and Davidson, E.S., 1963, The Mogollon highlands: Their influ-
ence on Mesozoic and Cenozoic erosion and sedimentation: Arizona Geo-
logical Society Digest, v. 6, p. 7-35.

Crossey, L.J., Fischer, T.P, Patchett, PJ., Karlstrom, K.E., Hilton, D.R., Newell,
D.L., Huntoon, P, Reynolds, A.C., and de Leeuw, G.A.M., 2006, Dissected
hydrologic system at the Grand Canyon: I nteraction between deeply derived
fluidsand plateau aguifer watersin modern springs and travertine: Geology,
v. 34, no. 1, p. 25-28, doi: 10.1130/G22057.1.

Damon, PE., and Mauger, R.L., 1966, Epeirogeny-orogeny viewed from the
Basin and Range province: American Institute of Mining, Metallurgical, and
Petroleum Engineers Transactions, v. 235, p. 99-112.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 26, 2011

332

Dutton, C.E., 1882, Tertiary History of the Grand Canyon District: U.S. Geologi-
cal Survey Monograph 2, 264 p.

Elston, D.P, and Young, R.A., 1991, Cretaceous-Eocene (Laramide) landscape
development and Oligocene-Pliocene drainage reorganization of transition
zone and Colorado Plateau, Arizona: Journal of Geophysical Research,
v. 96, no. B7, p. 12,389-12,406.

Faulds, J.E., Schreiber, B.S., Reynolds, S.J., Gonzalez, L.A., and Okaya, D., 1997,
Origin and pal eogeography of animmense, nonmarine Miocene salt deposit
in the Basin and Range (Western USA): The Journal of Geology, v. 105,
p. 19-36.

Faulds, JE., Wallace, M.A., Gonzalez, L.A., and Heizler, M.T., 2001a, Deposi-
tional environment and paleogeographic implications of the late Miocene
Hualapal Limestone, northwestern Arizona and southern Utah, in Young,
R.A., and Spamer, E.E., eds., Colorado River, Origin and Evolution: Grand
Canyon, Arizona, Grand Canyon Association Monograph 12, p. 81-87.

Faulds, JE., Feuerbach, D.L., Miller, C.F,, and Smith, E.I., 2001b, Cenozoic evo-
lution of the northern Colorado River extensional corridor, southern Nevada
and northwestern Arizona, in Erskine, M.C., Faulds, JE., Bartley, JM., and
Rowley, PD., eds., The Geologic Transition: Colorado Plateau to Great
Basin—A Symposium and Field Guide (The Mackin Volume): Utah Geo-
logical Association Publication 30, p. 239-271.

Goldstrand, PM., 1990, Stratigraphy and Paleogeography of L ate Cretaceous and
Paleogene Rocks of Southwest Utah: Utah Geological and Mineralogical
Survey Miscellaneous Publication 90-2, 58 p.

Goldstrand, PM., 1992, Evolution of Late Cretaceous and early Tertiary basins of
southwest Utah based on clastic petrology: Journa of Sedimentary Petrol-
ogy, V. 62, no. 3, p. 495-507.

Goldstrand, PM., 1994, Tectonic development of Upper Cretaceous to Eocene
strata of southwest Utah: Geological Society of America Bulletin, v. 106,
p. 145-154, doi: 10.1130/0016-7606(1994)106<<0145: TDOUCT>2.3.CO;2.

Holm, R.F., 2001, Pliocene-Pleistocene incision on the Mogollon slope, northern
Arizona: Response to the developing Grand Canyon, in Young, R.A., and
Spamer, E.E., eds., Colorado River, Origin and Evolution: Grand Canyon,
Arizona, Grand Canyon Association Monograph 12, p. 59-63.

House, PK., Pearthree, PA., Howard, K.A., Bell, JW., Perkins, M.E., Faulds, JE.,
and Brock, A.L., 2005, Birth of the lower Colorado River—Stratigraphic
and geomorphic evidence for its inception near the conjunction of Nevada,
Arizona, and California, in Pederson, J.L., and Dehler, C.M., eds,, Interior
Western United States: Boulder, Colorado, Geologica Society of America
Field Guide 6, p. 357-387.

Hunt, A.G., and Elders, W.A., 2001, Climate change and the evolution of Grand
Canyon and the Colorado River, in Young, R.A., and Spamer, E.E., eds,,
Colorado River, Origin and Evolution: Grand Canyon, Arizona, Grand
Canyon Association Monograph 12, p. 191-194.

Hunt, C.B., 1969, Geologic history of the Colorado River, in The Colorado River
Region and John Wesley Powell: U.S. Geological Survey Professiona
Paper 669, p. 59-130.

Karlstrom, K.E., 2004, Colorado River system of the southwestern U.S.: Longi-
tudinal profiles, differential incision, and a hypothesis for Quaternary tec-
tonism a both ends: Geologica Society of America Abstracts with
Programs, v. 36, no. 5, p. 550.

Lamb, M., Umhoefer, PJ., Anderson, REE., Beard, L.S., Hickson, T., and Martin,
K.L., 2005, Development of Miocene faults and basins in the Lake Mead
region: A tribute to Ernie Anderson and areview of new research on basins,
inPederson, J.L., and Dehler, C.M., eds,, Interior Western United States: Boul-
der, Colorado, Geologica Society of America Field Guide 6, p. 389-418.

Longwell, C.R., 1936, How old isthe Colorado River?: American Journal of Sci-
ence, v. 244, p. 817-835.

Lucchitta, I., 1966, Cenozoic Geology of the Upper Lake Mead AreaAdjacent to
the Grand Wash Cliffs, Arizona[Ph.D. thesis]: State College, Pennsylvania,
The Pennsylvania State University, 218 p.

Lucchitta, I., 1972, Early history of the Colorado River in the Basin and Range
Province: Geological Society of AmericaBulletin, v. 83, p. 1933-1948, doi:
10.1130/0016-7606(1972)83[1933:EHOTCR] 2.0.CO;2.

Young

Lucchitta, 1., 1979, Late Cenozoic uplift of the southwestern Colorado Plateau and
adjacent lower Colorado River region: Tectonophysics, v. 61, p. 63-95, doi:
10.1016/0040-1951(79)90292-0.

Lucchitta, 1., 1989, History of the Grand Canyon and of the Colorado River inAri-
zona, in Jenney, J.P, and Reynolds, S.J., eds., Geologic Evolution of Ari-
zona: Arizona Geological Society Digest, v. 17, p. 701-715.

McKee, E.D., Wilson, R.F., Breed, W.J., and Breed, C.S., 1967, Evolution of the
Colorado River in Arizona: Flagstaff, Arizona, Museum of Northern Ari-
zona Bulletin 44, 67 p.

Meek, N., and Douglas, J., 2001, Lake overflow: An aternative hypothesis for
Grand Canyon incision and development of the Colorado River, in Young,
R.A., and Spamer, E.E., eds., Colorado River, Origin and Evolution: Grand
Canyon, Arizona, Grand Canyon Association Monograph 12, p. 199-204.

Patchett, PJ., and Spencer, J.E., 2001, Application of Sr isotopesto the hydrology
of the Colorado River system waters and potentially related Neogene sedi-
mentary formations, in Young, R.A., and Spamer, E.E., eds, Colorado
River, Origin and Evolution: Grand Canyon, Arizona, Grand Canyon Asso-
ciation Monograph 12, p. 167-171.

Pederson, J.L., 2001, Searching for the pre-Grand Canyon Colorado River: The
Muddy Creek Formation north of Lake Mead, in Young, R.A., and Spamer,
E.E., eds., Colorado River, Origin and Evolution: Grand Canyon, Arizona,
Grand Canyon Association Monograph 12, p. 71-75.

Pederson, J.L., 2005, The last-standing hypothesis about the path and integration
of the late Miocene Colorado River off the Colorado Plateau: Geological
Society of AmericaAbstracts with Programs, v. 37, no. 7, p. 109.

Polyak, V.J,, Hill, C.A., and Asmerom, Y., 2004, History of headward erosion of
the Grand Canyon from a study of speleothems: Geologica Society of
AmericaAbstracts with Programs, v. 36, no. 5, p. 549.

Potochnik, A.R., 2001, Paleogeomorphic evolution of the Salt River region:
Implications for Cretaceous-Laramide inheritance for ancestral Colorado
River drainage, in Young, R.A., and Spamer, E.E., eds., Colorado River, Ori-
gin and Evolution: Grand Canyon, Arizona, Grand Canyon Association
Monograph 12, p. 17-22.

Powell, J.L., 2005, Grand Canyon: Solving Earth’s Grandest Puzzle: New York,
Pi Press (Pearson), 308 p.

Priest, S.S., 2001, Appendix A: Geochron database, in Young, R.A., and Spamer,
E.E., eds., Colorado River, Origin and Evolution: Grand Canyon, Arizona,
Grand Canyon Association Monograph 12, p. 233-249.

Scarborough, R., 2001, Neogene development of Little Colorado River valey
and eastern Grand Canyon: Field evidence for an overtopping hypothesis,
inYoung, R.A., and Spamer, E.E., eds., Colorado River, Origin and Evolu-
tion: Grand Canyon, Arizona, Grand Canyon Association Monograph 12,
p. 207-212.

Spencer, J.E., and Pearthree, PA., 2001, Headward erosion versus closed-basin
spillover asalternative causes of Neogene capture of the ancestral Colorado
River by the Gulf of California, in Young, R.A., and Spamer, E.E., eds.,
Colorado River, Origin and Evolution: Grand Canyon, Arizona, Grand
Canyon Association Monograph 12, p. 215-219.

Spencer, J.E., Richard, S.M., Reynolds, S.J., Miller, R.J., Shafiqullah, M., Gilbert,
W.G., and Grubensky, M.J.,, 1995, Spatial and tempora relationships
between mid-Tertiary magmatism and extension in southwestern Arizona:
Journal of Geophysical Research, v. 100, no. B7, p. 10,321-10,351, doi:
10.1029/94JB02817.

Spencer, JE., Peters, L., Mclntosh, W.C., and Petchett, J.P, 2001, “Ar/*Ar geo-
chronology of the Hualapai Limestone and Bouse Formation and implica-
tions for the age of the lower Colorado River, in Young, R.A., and Spamer,
E.E., eds., Colorado River, Origin and Evolution: Grand Canyon, Arizona,
Grand Canyon Association Monograph 12, p. 89-92.

Stock, C., 1921, Later Cenozoic mammalian remains from the Meadow Valley
region, southwestern Nevada: American Journal of Science, 5th series, v. 2,
p. 250-264.

Wallace, M.A., Faulds, J.E., and Brady, R.J., 2005, Geologic Map of the Meadview
North Quadrangle, Mohave County, Arizona, and Clark County, Nevada:
Nevada Bureau of Mines and Geology Map 154, scale 1:24,000, 22 p.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on April 26, 2011

Pre—Colorado River drainage in western Grand Canyon

Young, R.A., 1966, Cenozoic Geology aong the Edge of the Colorado Plateau
in Northwestern Arizona [Ph.D. thesis]: St. Louis, Washington University,
167 p.

Young, R.A., 1979, Laramide deformation, erosion and plutonism aong the south-
western margin of the Col orado Plateau: Tectonophysics, v. 61, p. 25-47, doi:
10.1016/0040-1951(79)90290-7.

Young, R.A., 1982, Paleogeomorphol ogic evidence for the structural history of the
Colorado Plateau margin in Arizona, in Frost, E.G., and Martin, D.L., eds,,
Mesozoic-Cenozoic Tectonic Evolution of the Colorado River Region, Cdli-
fornia, Arizona, and Nevada: San Diego, Cordilleran Publishers, p. 29-39.

Young, R.A., 1985, Geomorphic evolution of the Colorado Plateau margin in
west-central Arizona: A tectonic model to distinguish between the causes
of rapid symmetrical scarp retreat and scarp dissection, in Hack, J.T., and
Morisawa, M., eds., Tectonic Geomorphology: London, Allen and Unwin,
p. 261-278.

Young, R.A., 1987, Colorado Plateau landscape devel opment during the Tertiary,
in Graf, W.L., ed., Geomorphic Systems of North America: Boulder, Colo-
rado, Geological Society of America, Geology of North America, Centen-
nial Specia Volume 2, p. 265-276.

Young, R.A., 1989, Paleogene-Neogene deposits of western Grand Canyon, Ari-
zona, in Elston, D.P, Billingsley, G.H., and Young, R.A., eds., Geology of
Grand Canyon, Northern Arizona: Washington, D.C., American Geophysi-
cal Union, 28th International Geological Congress Fieldtrip Guidebook
T115/315, p. 166-173.

Young, R.A., 1999, Nomenclature and ages of Late Cretaceous(?)—Tertiary strata
in the Hualapai Plateau region, northwest Arizona, in Billingsey, G.H.,
Wenrich, K.J., Huntoon, PW., and Young, R.A., 1999, Breccia Pipe and

333

Geologic Map of the Southwestern Part of the Hualapal Indian Reservation
and Vicinity, Arizona: U.S. Geological Survey MiscellaneousInvestigations
Series Map 1-2554, scale 1:48,000, 2 sheets, appendix, p. 21-50.

Young, RA., 2001a, Geomorphic, structural, and stratigraphic evidence for
Laramide uplift of the southwestern Colorado Plateau margin in northwest-
ernArizona, in Erskine, M.C., Faulds, J.E., Bartley, JM., and Rowley, PD.,
eds., The Geologic Transition: Colorado Plateau to Great Basin—A Sympo-
sium and Field Guide (The Mackin Volume): Utah Geological Association
Publication 30, p. 227-237.

Young, R.A., 2001b, The Laramide-Paleogene history of the western Grand
Canyon region: Setting the stage, in Young, R.A., and Spamer, E.E., eds,,
Colorado River, Origin and Evolution: Grand Canyon, Arizona, Grand
Canyon Association Monograph 12, p. 7-15.

Young, R.A., 2004, Miocene drainage history of the western Grand Canyon: Geo-
logical Society of AmericaAbstracts with Programs, v. 36, no. 5, p. 549.

Young, RA., and McKee, E.D., 1978, Early and middle Cenozoic drainage and
erosion in west-central Arizona: Geological Society of America Bulletin,
V. 89, p. 1745-1750, doi: 10.1130/0016-7606(1978)89<1745:EAMCDA >
2.0.CO;2.

Young, R.A., and Spamer, E.E., eds., 2001, Colorado River, Origin and Evolution:
Grand Canyon, Arizona, Grand Canyon Association Monograph 12, 280 p.

Young, RA., Hartman, JH., Eaton, J.G., Flowers, RM., and Feigt, M., 2007, The
Eocene-Oligocene transition in northwest Arizona: Geological Society of
America Annual Meeting and Exposition Abstracts with Programs, v. 39,
no. 6, p. 305.

MaNuscriPT AccerTep BY THE SocieTy 17 Jury 2007

Printed in the USA


http://specialpapers.gsapubs.org/



